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Abstract
The uses of single-stranded DNA probes tethered to solid supports have gained interest in recent
years due to the increasing number of applications these systems present. However, the
traditional methods used to fabricate these monolayers are flawed. The synthesis and purification
of multithiol headgroups for improvement upon ssDNA surface attachment for the fabrication of
self-assembled monolayers on gold surfaces is described. Generation 4 polyamidoamine
dendrons were conjugated to ssDNA oligomers in a one-to-one ratio and functionalized to
provide multiple thiol groups for possible surface attachment. Modification of the dendrimer’s
amine terminated periphery groups to thiols was confirmed using 1H NMR spectroscopy.
Successful conjugation of ssDNA to dendrons was confirmed using gel electrophoresis.
DNA/dendron conjugate monolayers were compared with two other methods of DNA monolayer
fabrication that are established in the literature: single-thiol DNA attachment and a technique
that involves building a monolayer sequentially using surface chemistry, referred to as the
DNA/dendrimer monolayer. These monolayers were compared using Grazing Angle Infrared
spectroscopy, electrochemistry in combination with fluorescence microscopy, and Surface
Plasmon Resonance. The results of this study show that the DNA/dendron conjugates had a
better probe strand distribution than the DNA/dendrimer monolayer and a similar distribution as
the single-thiol monolayer. In addition, the conjugates outperformed the other monolayers in
terms of stability, reproducibility, binding of complementary DNA, and limit of quantitation. The
results displayed in this study indicate that our novel DNA/dendron conjugates show promise as
potential replacements in the making of DNA monolayers on gold substrates.
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Introduction
The use of single-stranded DNA probes tethered to solid supports have gained interest in
recent years due to the increasing number of applications these systems present. Substrates with
immobilized ssDNA have been applied to DNA sequencing, genetic disease diagnostics, and
gene profiling1, 2 as well as, directed assembly of proteins3, 4 and simultaneous detection of DNA
and antibodies5. These various applications are made possible through DNA attachment to
various substrates, of which gold is the most studied and one of the most common. Although
there are many ways in which to tether DNA to gold surfaces, the most common method is by
using thiol-terminated DNA strands in order to form self-assembled monolayers, or SAMs, onto
gold surfaces. These monolayers are readily formed as the sulfur atom has a naturally strong
affinity for gold6.
Although utilization of gold-thiol bonds is the most common method for immobilizing
DNA on gold surfaces, there are inherent disadvantages associated with these systems. One
problem is that, although gold-thiol bonds are readily formed, the traditional fabrication of these
monolayers uses a single thiol per probe strand of DNA therefore only allowing for a single
attachment site to the solid support. These single bonds can break over time and, with the heating
and cooling that occurs during normal hybridization/ dehybridization cycles, portions of the
monolayer can be lost. Also, use of a single thiol per probe strand gives the DNA a small
footprint that causes problems with probe strand density as the spacing of the monolayer is
nonuniform. This nonuniform spacing results in a surface that has heterogeneous probe strand
coverage and therefore the coverage cannot be replicated from surface to surface. This lack of
surface homogeneity is caused by the nature of the monolayer formation itself where molecules
are allowed to attach at random with no sense of order.
1

When using this method of DNA monolayer formation, the monolayers are often times
backfilled

with

a

small

thiol-terminated

carbon

chain

such

as

mercaptohexanol.

Mercaptohexanol is traditionally used in the making of single-thiol DNA monolayers for various
reasons7. One reason is that mercaptohexanol displaces non-specifically bound DNA with
covalent DNA attachment. Also, the amount of space that the DNA strands occupy on the
surface is relatively large compared to carbon chain linkers that tethered them to the surface.
This difference in spacing leaves a surface with a low coverage density with respect to the
amount of carbon chain thiols that could occupy a surface that was free of any DNA. Therefore,
mercaptohexanol is used to backfill the monolayer by filling in the unoccupied binding sites left
by the larger DNA molecules. Backfilling the monolayer also helps to orient the DNA strands
properly to achieve maximum hybridization with complement strands. DNA strands, even when
properly attached to gold surfaces through a thiol bond, may still be electrostatically attracted to
the gold surface and lie parallel to the surface. The addition of mercaptohexanol fills in the DNA
monolayer thus preventing DNA strands from forming these electrostatic interactions.
Another problem associated with the construction of DNA monolayers in this fashion is
that a mixed monolayer is formed. A mixed monolayer occurs when two or more molecules are
added to a surface in order to make one monolayer. For single-thiol DNA attachment, the
addition of mercaptohexanol adds to the heterogeneity of the surface as mercaptohexanol can
only attach where there are defects in the original monolayer. These defects cannot be
reproduced from surface to surface therefore making the distribution of mercaptohexanol also
heterogeneous. In addition, mercaptohexanol displaces non-specifically bound DNA strands
from the surfaces. The amount of non-specifically bound DNA, and consequently the amount of
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DNA displaced by mercaptohexanol, also cannot be replicated from surface to surface causing
the actual amount of DNA for each surface to be irreproducible.
When examining the ideal spacing of DNA probe strands on a surface, it is helpful to
think about the two limiting cases that could occur. In the first case, the probe strands could be so
tightly packed together that no hybridization occurs. A combination of too high of a packing
density as well as the repulsions from the polyanionic DNA backbones being in a confined space
would not allowed for any target strands to be captured from solution. The other limiting case
would be to have one probe strand tethered to the surface. In this instance, there is obviously no
steric or charge effects to hinder hybridization. However, this example would result in a surface
that wastes space and is inefficient. Therefore, the ideal spacing lies somewhere in between these
two cases where target strands are not hindered from finding their complement and space on the
surface is not wasted. Peterson et al. studied hybridization efficiencies of different probe strand
densities on surfaces and found the ideal density to be 2 x 1012 molecules/cm2(8). However, this
density simply gives an ideal number of molecules on a surface and gives no insight as to the
level of heterogeneity of the monolayer itself. It is presumed that a monolayer using single point
attachment to surfaces would not have uniform spacing between the probe strands. Therefore, the
ideal density of probe strands could be higher if uniform spacing could be achieved.
In an effort to improve upon the shortcomings of traditional fabrication methods of
single-stranded DNA monolayers, robust molecules such as poly(amidoamine) (PAMAM)
dendrimers have gained interest as a possible means to improve this technology. PAMAM
dendrimers are nanometer sized globular macromolecules which radiate exponentially from a
central atom or molecule by repeating molecular units in a layered or branching pattern9. Figure
1 shows the structure of the generation 4 PAMAM dendrimer utilized in this study. An
3

application of these molecules that has grown rapidly in recent years is for the construction of
SAMs. The thiol-gold system is the most studied type of SAM in both fundamental studies and
for more applied systems. Therefore, by using a PAMAM dendrimer terminated with thiols, a
monolayer of dendrimers should easily form onto a gold surface, thus providing a spacer for
DNA probes. Other studies10 have reported successfully creating thiol-functionalized dendrimers
and using them as SAMs on gold surfaces.

Figure 1: Generation 4 PAMAM dendrimer with cystamine core. This was the starting material
for our DNA/dendron conjugate synthesis.

4

Dendrimers are ideal molecules for the fabrication of DNA monolayers for several
reasons. One of their major advantages is when tethered onto a surface, dendrimers’
dendrimer fixed size
results in a footprint that allows inherent spa
spacing
cing between molecules. The globular structure of
these molecules is distorted from sphere to ellipsoid when attached to a surface, giving lateral
spacing between molecules11 (Figure
Figure 22). This change in the dendrimers shape when assembled
onto a surface is important because the ellipsoid shape allows for more surface attachment sites
than a sphere. Also, this shape change provides more lateral spacing for probe strands,
st
therefore
allowing for higher hybridization efficiency. This property of dendrimers would prevent the
problem of density as a tightly packed de
dendrimer monolayer could provide an ordered layer with
uniform spacing for DNA probes.

Figure 2: Schematic showing the distortion of dendrimers from sphere to ellipsoid when
assembled onto surfaces.
Another advantageous feature of dendrimers is that the spacing that these molecules
provide can be controlled by using different generations or sizes of dendrimers. However, the
right generation
ration size needs to be determined in order to avoid the spacing problems
pro
associated
with traditional DNA monolayers. Finding the right generation size to use can be thought of in
terms of the limiting cases for probe strand density. Larger generations of dendrimers would be
similar to the single probe strand on a surface in that there would be adequate spacing but surface
space would be wasted. On the other hand, smaller generations of dendrimers would act like

5

overcrowded DNA strands were no hybridization can occur (Figure 3). The uniformity of
dendrimer monolayers would also solve the problem of reproducibility that is associated with
single-thiol DNA attachment as a tightly packed dendrimer monolayer could be reproduced to a
higher degree than that of single
single-thiol DNA. Also, the
he use of dendrimers would allow for a true
monolayer to be formed, as opposed to the mixed monolayers that arise when using
mercaptohexanol
nol to backfill DNA monolayers, thus reducing heterogeneity.

Figure 3: Schematic showing probe strand density as a result of dendrimer generation size.

Finally, dendrimers have multiple groups on their periphery that can provide multiple
attachments sites to the gold surface. These multiple attachments sites would result in a more
stable system for DNA hybridization as the multiple bonds between the dendrimer and the
surface would make the molecules less likely to desorb from the surface. The number of
attachment sites available can be controlled by varying the generation size of the dendrimer as
the number of surface groups double going from generation to generation.
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Figure 4: A summary plot comparing the thermal stabilities of the single thiol and multithiol
dendrimer DNA monolayers by their ability to capture target DNA. Target capture is
depicted by filled symbols for single thiol (squares) and multithiol (diamonds). The yaxis depicts the net pixel change following equilibrium from target strand assembly onto
DNA monolayers that were heated in 95 °C PBS for 0 – 4 hours. The error bars represent
± 1 standard deviation for at least 5 independent measurements.
Our previous work has shown that the use of dendrimers increases the thermal stability
of DNA monolayers because of their multiple attachment sites (Figure 4). This image shows the
abilities of a single-thiol monolayer and a multithiolated dendrimer monolayer to capture target
strands on the surface after heating for 0-4 hours in phosphate buffer. It can be seen that, after
heating of the monolayers for only one hour, the single-thiol monolayer demonstrates a much
greater loss of target strand capture than the multithiolated monolayer. Further heating shows
further loss in capture ability of the monolayers with the multithiolated monolayers being much
less affected. This loss in ability to capture target strands from solution is interpreted as probe
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strand loss from the monolayer. Therefore, these data show that the use of multiple point
attachment to surfaces greatly increases the stability of DNA probe strands.
Although dendrimers have many inherent advantages over single thiol attachment, their
use in DNA monolayers has not yet been optimized to its full potential. Monolayers in the
literature have been made where dendrimers are assembled onto an alkane-thiol SAM12. The
base monolayer for these systems consists of a carboxylic acid alkane-thiol that is self-assembled
onto a gold surface and then functionalized for attachment of amine-terminated PAMAM
dendrimers. These dendrimer monolayers are then functionalized and used for the attachment of
probe strand DNA. The construction of DNA monolayers in this fashion solves some of the
problems associated with traditional fabrication methods but also leaves others unsolved.
Dendrimers used in this manner solve the problem of monolayer robustness as the dendrimers
are attached to the surface through multiple alkane-thiol chains. However, use of this technique
still leaves the problems of reproducibility and spacing of the monolayer as there is no control
for the attachment of any of the molecules. All of the monolayers formed in this method are
allowed to self-assemble and, therefore, are attached at random to the surface with no sense of
order causing a surface with very heterogeneous DNA coverage.
We propose that the problems associated with traditional fabrication methods of DNA
monolayers can be solved through the proper use of dendrimers. We have developed a method
for conjugating DNA probe strands to PAMAM dendrimers in a 1:1 ratio in solution and
functionalizing the dendrimers’ periphery groups to allow for attachment to gold surfaces, thus
properly utilizing the advantages offered by dendrimers. The 1:1 DNA to dendron ratio prevents
overcrowding of DNA probe strands as the dendrimers’ spherical nature results in an inherent
footprint when attached to a surface. This spacing provided by the dendrimers can be controlled
8

by using different generation sizes and optimized by finding the generation size that achieves
maximum hybridization efficiency. Tokuhisa et al. expanded upon the work of Crooks to
determine the extent of distortion that occurs when PAMAM dendrimers are assembled onto
gold surfaces13. Their data indicates that use of generation 4 and generation 5 dendrimers would
result in monolayers containing 4.02 x 1012 and 2.27 x1012 molecules/cm2, respectively. These
generations of dendrimers give numbers closest to the ideal density of probe strands of 2.0 x1012
molecules/cm2 as cited earlier. However, using a uniformly spaced DNA monolayer could allow
for more molecules to be present on the surface; therefore, the generation 4 PAMAM dendrimer
was chosen as a starting point in finding the optimum generation size. The eventual goal of this
research is to determine the optimum generation size by examining the range from generation 2
to generation 6.
Use of DNA/dendron conjugates also increases the reproducibility of the monolayer as a
tightly packed dendrimer monolayer should result in uniform spacing of DNA probes that can
then be repeated from surface to surface. Also, by functionalizing the dendrimers’ periphery
groups to free thiols, multiple attachment sites are available for binding to gold surfaces.
Multiple attachments to the surface adds stability to the monolayer as each DNA probe has
multiple attachments to the gold surface, therefore decreasing the likelihood of desorption from
the surface.
In this study, we provide a comparison between traditional techniques for constructing
DNA monolayers and the new technique that we have developed using DNA/dendron
conjugates. The monolayer fabrication techniques compared in this study are single-thiol
attachment and a technique involving dendrimers that builds a monolayer in succession onto a
surface. As mentioned previously, single-thiol attachment is the most studied method of forming
9

DNA monolayers onto gold surfaces therefore allowing for DNA/dendron conjugates to be
compared to the “standard” of DNA monolayer formation. The reason for choosing the method
using dendrimers is two-fold: it is a newer monolayer construction technique and it allows for
comparison between methods utilizing PAMAM dendrimers.
The three monolayers chosen for this study were compared by their bulk properties as
well as a microscopic level comparison. Bulk properties were analyzed by first using grazingangle infrared spectroscopy. Grazing-angle IR utilizes the principle of regular IR but changes the
IR beam so that it grazes a surface instead of going through a solution. The size of the beam’s
spot on the surface is relatively large, thus making this technique a macroscopic one. Use of
grazing-angle IR was used to determine the functional groups present on the surface and helped
to confirm the success of the formation of the monolayers. Also, the position of the peaks in the
spectra provided a macroscopic evaluation of the quality of the monolayers.
Upon confirmation of the formation of the different monolayers, further information was
obtained by determining the functionality of the monolayers using Surface Plasmon Resonance
(SPR). SPR is a macroscopic technique that allows label-free, real time monitoring of monolayer
formation as well as hybridization/dehybridization cycles. Metallic films contain collections of
free electrons which will oscillate with respect to the metallic film. These collective oscillations
of the free electrons in metallic films are called surface plasmons that will resonate with light
under the right conditions, therefore causing absorption of light. This resonance condition is
sensitive to the refractive index of the medium in close proximity to the metallic film; therefore,
the presence of molecules bound to the surface can be detected14. To utilize this phenomenon for
bioassay experiments, a laser passes through a prism that is aligned under a metallic film to
cause resonance of the surface plasmons as shown in Figure 5A. The resonance angle is observed
10

by a dip in intensity of the laser light; this angle shifts when the local refractive index close to the
gold surface changes. Any molecules adsorbed or desorbed from the surface are detected by a
corresponding angular shift.14 (Figure 5B and C). The resonance angle is plotted over time to
give a sensorgram as shown in Figure 5D which is used to determine that molecules are binding
to the surface over time. Therefore, the profile of these sensorgrams can be used to calculate the
rates of binding as well as affinity of the substrate for the given molecule. For this study, SPR
was used to obtain the amount of probe strand DNA attached to the surface and to determine the
hybridization efficiency of target strands captured from solution.

Figure 5: Schematic showing how a signal is acquired using Surface Plasmon Resonance15: A)
A laser light is incident upon a metal film, B) the angle at which the resonance condition
is met causes a “dip” in the intensity profile of the laser, C) the angle at which this
resonance condition is met shifts as a result of molecules adding to the surface, D) the
angular shift can be plotted versus time to obtain a sensorgram.
11

Although macroscopic information about the monolayers was achieved through the use
of IR and SPR, other techniques must be used in order to determine information on the
microscopic level. Electrochemistry in combination with fluorescence microscopy was used to
determine the heterogeneity of the monolayers by applying a potential across the surfaces until
the molecules desorb from the surface. Fluorescent videos were recorded while simultaneously
applying a potential until the molecules were reductively desorbed from the surface. When the
fluorescein tagged complement strand is in proximity to the gold surface, the fluorescein
molecule is quenched by the gold and therefore has little signal. However, as the gold-thiol bond
breaks and the molecules are desorbed from the surface, the fluorescein molecule is no longer
quenched by the gold and gives an increase in fluorescent signal. When imaged, this increase in
signal gives a “map” showing the distribution of DNA probe strands across the surface.
Through the use of IR, SPR, and electrochemistry in combination with fluorescence
microscopy, the monolayers used in this study were compared to determine their bulk properties,
as well as their functionality and molecular distribution of DNA.
Experimental
1. Materials
Generation 4 polyamidoamine (G4 PAMAM) dendrimers with a cystamine core and
generation 3 polyamidoamine (G3 PAMAM) with an ethylenediamine core were purchased from
Sigma-Aldrich as a 10 wt. % and 20 wt. % solution in methanol respectively. An
ethylenediaminetetraacedic

acid

(EDTA)

solution

(0.5

M),

D2O

(99.9%),

16-

Mercaptohexadecanoic acid (MHDA, 90%), mercaptohexanol (97%), and a phosphate buffer
solution made from a packet containing enough powder to make 500 mL of 100 mM phosphate
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buffer, and 300 mM NaCl adjusted to pH 7.25 were purchased from Sigma-Aldrich. NSuccinimidyl-S-acetylthiopropionate (SATP),
maleimidomethyl)cyclohexane-1-carboxylate

hydroxylamine·HCl, sulfosuccinimidyl-4-(N(sSMCC),

Tris(2-Carboxyethyl)

phosphine

hydrochloride (TCEP·HCl), 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), Coomassie Blue G-250 protein assay reagent, Zeba spin
desalting columns (7K molecular weight cutoff), protein desalting spin columns, and Ellman’s
reagent [5,5´-dithio-bis-(2-nitrobenzoic acid)] were all purchased from Pierce.

Dimethyl

sulfoxide (DMSO) was purchased from Acros. A 40% polyacrylamide solution, Ethidium
Bromide, 10x tris-borate-EDTA (TBE) buffer, ammonium persulfate (APS), and N,N,N´,N´Tetramethylethylenediamine (TEMED) were all purchased from Fischer. Agarose was purchased
from Promega. Amicon ultra centrifugal filters (10K MWCO) were purchased from Millipore.
Gold coated (5 nm Cr, 100 nm Au) glass microscope slides (1” x 3” x 0.40”) were purchased
from Evaporated Metal Films. Gold sensors (10 nm Cr, 10 nm Au) were purchased from
Biosensing Instrument. Ethanol was purchased from Pharmco-aaper. Three unique DNA strands
with various modifications were used in this study. 5´ amine modified probe strand DNA used
for conjugation with dendrimers had the following sequence: 5´ TAA CCA ATA GGC CGA
AAT CGG CAA A 3´. The DNA sequence used for immobilization is the same as that above
except that the strand was terminated with a disulfide group. The complementary target strand
had the sequence 5´ TTT GCC GAT TTC GGC CTA TTG GTT A 3´ and a second,
noncomplementary target strand with the sequence 5´ TTC AGC ATC TTT TAC TTT CAC
CAG C 3´ were used. A complementary strand with a fluorescein modification was used for the
electrochemistry experiments. This modification attached a six carbon chain from the carboxylic
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acid of fluorescein to the oxygen of a phosphate group on the 5´ end of the DNA. Deionized
water (18.2 MΩ·cm, Barnstead) was used throughout the experiments.
2. Synthesis of DNA/Dendron Conjugates
Generation 4 PAMAM dendrimers with a cystamine core, as shown in Figure 1, were
used as our starting material. A 2:1 ratio of SATP to primary amine (64 primary amines per G4
dendrimer) was dissolved in 150 µL of DMSO in a 1.5 mL conical vial and then diluted to a total
volume of 1000 µL with 100 mM phosphate buffer at pH 7.25. The dendrimer (45 µL) was then
added to the solution and mixed using a vortex mixer. The resulting solution was allowed to sit
for 30 minutes at room temperature in order to complete the nucleophilic substitution reaction
between the primary amine on the dendrimers’ periphery and the NHS ester of SATP. This step
of the synthesis placed a protected thiol group as a thioacetate on the dendrimer periphery
(Figure 6A). The thioacetate terminated dendrimers were then reacted with a 10:1 ratio of TCEP
to dendrimer in order to cleave the disulfide bond in the dendrimer core. The solution was passed
through a Zeba spin column to remove excess SATP, any reaction by-products, and TCEP. The
isolated dendron product was then collected for future reaction with the oligonucleotide.
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Figure 6: Synthesis scheme of DNA/dendrimer conjugates: (A) Functionalization of PAMAM
dendrimers with SATP, (B) Reduction of disulfide dendrimer core using TCEP, (C) Addition
of sSMCC to amine-terminated ssDNA, (D) Conjugation of ssDNA to thioacetate-terminated
dendron, (E) Deacetylation of conjugate using hydroxylamine.
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Amine-terminated probe strand DNA oligonucleotides were reacted with a 100 fold
molar excess of sSMCC. The primary amine on the DNA reacts with the NHS ester on the
sSMCC to form a stable amide bond by a nucleophilic substitution reaction (Figure 6C). This
reaction was incubated for 30 minutes at room temperature before purifying the product using an
Amicon 10K MWCO centrifugation column. The purified DNA/sSMCC product was then
reacted with a 10-fold excess of purified dendron product and allowed to incubate at room
temperature overnight. The maleimide group of the sSMCC reacts with the sulfhydryl-containing
dendron to form a stable thioether bond (Figure 6D). It is important to note that the efficiency of
this reaction increases with increasing concentration of both the sSMCC-modified DNA and the
dendrons.
3. Purification of conjugate
Purification of the DNA/dendron conjugate was performed via the use of agarose gels.
4% agarose gels were made with 1x TBE buffer and EtBr at a concentration of approximately
0.5 µg/mL. Protein desalting spin columns were used to exchange the buffer of the crude product
from phosphate buffer to 1x TBE. Separation of the conjugate from excess dendrons and
unreacted DNA was confirmed by visualization of DNA with EtBr and dendrons by staining
with G-250 coomassie blue for 1 hour. The gels were imaged using an Alpha Innotech
MultiImage II FC Light Cabinet. Upon confirmation of separation, conjugate bands were excised
from the gel and purified conjugate was recovered using the crush and soak method of DNA
extraction. Recovery and concentration of the conjugates was performed using 1x TBE buffer
(pH 8) and Amicon ultra centrifugal filters (10K MWCO). Concentration of purified conjugates
was determined using a NanoDropTM 1000 Spectrophotometer.
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4. Preparation of DNA Monolayers
A.) Preparation of Single-Thiol
Thiol DNA M
Monolayers
The single-thiol DNA monolayer was prepared according to the schematic shown in
Figure 7. Gold slides were cleaned by rinsing with water followed by 30 seconds of exposure
ex
to
oxygen plasma using a Harrick plasma cleaner maintained at approximately 200 mtorr. DNA
with a thiol modification was prepared for monolayer formation by reducing the disulfide using
TCEP. A 150 µM solution of probe DNA in phosphate buffer (pH 7.25) was incubated for 30
minutes with approximately 1 mg of TCEP. The cleaved DNA strand was then purified by
passing through a 7K MWCO Zeba spin desalting co
column
lumn to remove excess TCEP and reaction
by-products.
products. After cleaning the surface and purifying the thiol
thiol-terminated
terminated DNA, surfaces were
submerged in a thiol-terminated
terminated DNA solution overnight. The surfaces were then rinsed with
water and exposed to a 1 mM solution of mercaptohexanol in phosp
phosphate
hate buffer (pH 7.25) for 1
hour. The surface was then rinsed with water and dried with N2 prior to characterization.

Figure 7: Schematic showing formation of single
single-thiol
thiol DNA monolayer. Thiol-terminated
Thiol
ssDNA strands were self
self-assembled
assembled onto gold surfaces followed by backfilling with
mercaptohexanol.
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B.) Preparation of Dendrimer/DNA Monolayers
The dendrimer/DNA monolayer was prepared according to the schematic depicted in
Figure 8. Gold surfaces were prepared according to the same procedure as the single-thiol DNA
monolayer. The surface was then submerged in a 1mM 16-mercaptohexadecanoic acid solution
immediately after cleaning and reacted overnight at room temperature to ensure good monolayer
formation. Surfaces were then rinsed thoroughly with ethanol and dried with nitrogen. The
carboxylic acid monolayer was then activated for reaction with amine terminated PAMAM
dendrimers using EDC and NHS. Solutions containing 0.2 M EDC and 0.2 M NHS dissolved in
DMSO were combined and allowed to react on the surface for 1 hour. After rinsing with water
and drying with nitrogen, a 1.56 mM solution (50 mM of amines, 32 amines per dendrimer) of
amine terminated generation 3 PAMAM dendrimers was allowed to react on the gold surface for
a minimum of 2 hours to allow good dendrimer monolayer formation. The surfaces were rinsed
with water and reacted with a sSMCC solution (1 mg in 50 µL DMSO and 950 µL of phosphate
buffer) for 30 minutes to form a stable amide bond between the primary amine groups of the
dendrimers and the NHS ester of sSMCC. Thiol-terminated DNA was reduced and purified
according to the same procedure as the single-thiol DNA monolayer. Purified DNA was then
reacted on the surface overnight to allow a stable thioether bond to form between the sulfhydrylcontaining DNA and the maleimide group of the sSMCC.
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Figure 8: Synthesis scheme showing the formation of the DNA/dendrimer monolayer: (A)
Addition of MHDA and EDC/NHS, (B) Addition of G3 PAMAM dendrimers and
sSMCC, (C) Addition of thiol-terminated ssDNA.

C.) Preparation of DNA/Dendron Conjugate Monolayers
The isolated DNA/dendron conjugate product was mixed with hydroxylamine (10:1
hydroxylamine to thioacetate group) to deprotect the thioacetates and form a terminal thiol on
each of the dendrons’ thirty two end groups (Figure 6E). Gold surfaces were prepared according
to the same procedure as the single-thiol DNA monolayer. Surfaces were then submerged in a
solution containing the thiol-terminated, DNA/dendron conjugate overnight at room temperature.
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5. Determination of Thiol Concentration
In order to confirm the successful deacetylation of the dendrimer product using
hydroxylamine, Ellman’s reagent was used to determine the concentration of free thiols in
solution. Ellman’s reagent undergoes a thiol-disulfide exchange reaction with free thiols in
solution liberating 2-nitro-5-thiobenzoic acid which absorbs at 412 nm. The absorbance of the
compound was found using a NanoDropTM 1000 Spectrophotometer and was calculated using
Beer’s Law. Thiol concentration measurements were utilized for the G3 PAMAM dendrimers
prior to NMR characterization and for the G4 DNA/dendron conjugate after purification.
6. Nuclear Magnetic Resonance Spectra
The spectra for this experiment were obtained using a Varian Unity+ 500 MHz NMR.
Spectra were obtained for the starting G3 dendrimer material as well as after each step of
synthesis in order to characterize the dendrimer and to determine the extent of the reaction. A
Savant Instruments SC100 Speedvac was used to pull off the methanol from the G3 starting
material after which the concentrated dendrimer solution was dissolved in D20 to a final volume
of approximately 600 µl. For the thioacetate and thiol-terminated dendrimer products, the
reactions with SATP and hydroxylamine were followed by removal of excess SATP,
hydroxylamine, and any reaction by-products using Amicon ultra centrifugal filters (10K
MWCO). The purified products were concentrated and then dissolved in 600 µL of D2O in order
to obtain the spectra. For the thiol-terminated product, NaOH was added before obtaining the
spectra. It is important to note that only with the use of NaOH was a well-resolved spectra
obtained.
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7. Infrared Spectra
Grazing-angle Infrared (IR) spectra were obtained using a Bruker TENSOR 27 FT-IR
Spectrometer. The instrument has a reflection module with an incidence angle of 80o from the
normal and used a dry air purge to remove carbon dioxide and water from the sample chamber.
Spectra were taken using 64 scans and blanks were made using gold surfaces cleaned in the same
manner as for monolayer formation. For the DNA/dendrimer monolayer, IR spectra were
obtained after each step of the synthesis to characterize monolayer formation. Hybridization and
dehybridization cycles were performed for each monolayer with complementary and
noncomplementary DNA to determine the selectivity of each monolayer.
8. Electrochemistry Videos
Fluorescence microscopy, in combination with electrochemistry, was used to examine the
microscopic distribution of the monolayers using fluorescently labeled DNA molecules. The
DNA monolayers were allowed to hybridize with their fluorescein-tagged complement strands
for at least 30 minutes prior to imaging. Fluorescent videos were recorded while simultaneously
scanning an applied potential until the molecules reductively desorbed from the surface. Once
the molecules desorbed from the surface and diffused into solution, an enhancement in
fluorescence signal was observed as the molecules were no longer quenched by the surface.
An electrochemical cell was constructed which allowed videos to be recorded while
simultaneously applying a potential across the wires (Figure 9). The cell consisted of three
electrodes: a coil of gold wire as the working electrode (WE), a gold wire as the counter
electrode (CE), and a silver wire as the reference electrode (RE). The silver wire was dipped in a
chloride solution to provide a silver/silver chloride interface prior to imaging. The cell was a
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petri dish with a 0.17 mm glass bottom filled with 0.1 M phosphate buffer. This electrochemical
cell was modeled after one used by Murphy et. al as they performed similar experiments with
DNA monolayers on gold wires17.

Figure 9: Schematic of electrochemical cell used for fluorescence imaging along with important
parts of the microscope (40x objective, filter cube, mercury lamp, camera) and control
components (computer, potentiostat). The cell consisted of three electrodes: a coil of
gold wire as the working electrode (WE), a gold wire as the counter electrode (CE), and a
silver wire as the reference electrode (RE). The silver wire was dipped in a chloride
solution to provide a salt bridge prior to imaging. The cell was a petri dish with a 0.17
mm glass bottom filled with 0.1 M phosphate buffer.
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The fluorescent videos were recorded using a Nikon Eclipse TE200 camera and imaged
using QCapture Pro imaging software. A Bioanalytical Systems Inc. CV-27 voltammograph was
used to gradually increase the potential applied to the gold wires. The potential was negatively
stepped by 25 mV intervals starting at 0 V and ending at -1.5 V at a speed of 25 mV/s. The
videos were recorded using 475 ms exposure time which imaged the wires approximately every
500 ms. Fluorescent videos were then analyzed using ImageJ software.
9. Surface Plasmon Resonance Sensograms
Surface Plasmon Resonance (SPR) experiments were performed on a BI 2000 SPR
system. Analysis was performed by injecting 10 µM, 1 µM, 100 nM, and 10 nM, solutions of
target DNA to determine the equilibrium constants for each of the three previously described
monolayers. The monolayers were also tested for robustness by determining the amount of target
strands captured for each of 50 hybridization/dehybridization cycles. All experiments were run in
0.1 M phosphate buffered solution at 25oC. Kinetic analysis and robustness experiments were
performed with a flow rate of 30 µL/min while monolayer formation was performed with a flow
rate of 1 µL/min. To regenerate ssDNA surfaces after hybridization, the monolayers were
exposed to 50 mM NaOH solution for 1 minute.
Results and Discussion
1. Synthesis of DNA/Dendron Conjugates
All the reactions in this synthesis are established in the literature18,19,20,21 and the reaction
components are all commercially available. However, the order of the reaction steps in this
synthesis was critical for the production of the conjugates. The G4 cystamine core PAMAM
dendrimers’ primary amines were first functionalized using SATP prior to any other reactions
(Figure 6A). This reaction placed thioacetate groups on the dendrimers periphery through a
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nucleophilic substitution reaction between the terminal primary amines on the dendrimer and the
NHS-ester of SATP. The thioacetate-terminated dendrimers were then reacted with TCEP to
reduce the disulfide dendrimer core (Figure 6B). This reaction produced two sulfhydryl
containing dendrons which provided single point attachment sites for DNA conjugation.
Amine-terminated ssDNA was linked to the thioacetate-terminated dendrons using the
heterobifunctional cross linker sSMCC. The addition of sSMCC occurred through a nucleophilic
substitution reaction which formed a stable amide bond between the amine group on the DNA
and the NHS-ester of sSMCC (Figure 6C). The resulting product was purified as described
previously and reacted with a 10-fold excess of purified dendron product. The maleimide group
of the sSMCC reacted with the sulfhydryl-containing dendron to form a stable thioether bond via
a Michael addition reaction (Figure 6D). This reaction was allowed to incubate at room
temperature overnight to ensure the reaction went to completion. After purification of the
conjugate, hydroxylamine was used to deprotect the thiols on the dendrimers’ periphery thus
leaving free thiols which were used for monolayer formation (Figure 6E). Hydroxylamine
deacetylates the dendrimers via a nucleophilic reaction in which the oxygen on the
hydroxylamine breaks the carbon-sulfur bond of the thioacetate, leaving a sulfur atom that is
quickly protonated forming a thiol.
The order of the synthesis was crucial to avoid the formation of unwanted side products.
The reaction of SATP with the dendrimers’ primary amine groups had to be performed before
exposure of the dendrons to the sSMCC/DNA product. Under physiological conditions, the
terminal amine groups are positively charged while the DNA backbone is polyanionic, which
would cause a congregate of DNA and dendrimers to precipitate out of solution due to
electrostatic forces21. However, the addition of the thioacetate group prevents the formation of a
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DNA/dendrimer complex and allows only covalent attachment between the sulfhydryl group of
the dendron and the maleimide of sSMCC. Additionally, the functionalization of the amines to
thioacetates allows the dendrimers to be conveniently stored for long periods of time (up to two
months) in aqueous buffer solution.
Upon addition of thioacetate groups to the dendrimers’ periphery, the dendrimers’
interior disulfide bond is cleaved producing dendrons with free thiols. Cleavage of the molecule
leaves only one possible attachment site for the maleimide group of sSMCC, therefore creating a
one-to-one ratio of DNA strands to dendrimers. The reaction of amine-terminated DNA strands
with the NHS ester portion of sSMCC is performed prior to the thiol-maleimide reaction with the
dendrons because of the difference in lifetimes of the two reactive groups on the molecule. The
NHS-ester hydrolyzes readily at physiological pH, having only a 1-2 hour half life while the
maleimide is stable for several hours23, 24. Prior to conjugation, both DNA and dendrons must be
purified to prevent undesirable side products. Excess sSMCC would react with the sulfhydrylcontaining dendrons while excess SATP would react with the primary amine on any unreacted
DNA strands.
Reaction of hydroxylamine with thioacetates on the dendrimers periphery results in
removal of the acetate groups giving free thiols. This reaction is performed last to ensure that
only one attachment site is possible for the maleimide group of sSMCC. Having free thiols on
the dendrimers’ periphery is important because it allows the dendrimers to self assemble onto
gold substrates.
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A.) Nuclear Magnetic Resonance
Figure 10A gives the 1H NMR spectrum for the generation 3 dendrimer starting material.
The spectrum gives six significant peaks that can be used to characterize the structure of the G3
dendrimer. The signals at 2.73 and 2.34 correspond to the methylene protons between the tertiary
amines and the carbonyl portion of the amides (groups 1 and 2). The signals found at 3.20 and
2.53 correspond to the methylene protons next to the amide group and tertiary amines of the
dendrimers (groups 3 and 4). The signals at 3.17 and 2.68 represent the methylene protons
between the amide and the terminal, primary amines groups 5 and 6).
Figure 10B shows the 1H NMR spectrum for the G3 dendrimer product after the first
synthesis step. This step involved reacting the terminal amines with SATP to place thioacetate
groups at the dendrimer periphery (Figure 11). There are a few signals in this spectrum that
differentiate it from the starting material and confirm the complete functionalization of the
amines. The protons on the two methylene groups adjacent to the primary amine (groups 5´ and
6´) become nearly equivalent to the methylene protons (group 3) in the dendrimer interior. This
change in structure is observed by the loss of signals at 3.17 and 2.68 along with the increase in
intensity of the singlet at 3.21 ppm. Within the signal to noise these peaks are absent, indicating a
high reaction yield. In addition to these changes, there are also several new types of protons
(groups 7, 8, and 9) that are observed. The methylene protons α to the carbonyl are observed at
2.44 ppm (group 7), the methylene protons adjacent to the sulfur atom are observed at 2.99 ppm
(group 8), while the signal at 2.27 ppm corresponds to the methyl protons of the thioacetate
(group 9). (Mojoros et al. performed a similar synthesis to these G3 PAMAM dendrimers that
allow the spectra to be compared to determine the successfulness of the synthesis25).
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Figure 10: 1H NMR spectra of generation 3 PAMAM dendrimers (A), generation 3 dendrimers
fully functionalized with thioacetate periphery groups (B), and generation 3 dendrimers
fully functionalized with thiol periphery groups (C).

Figure 11: Schematic showing PAMAM dendrimer reaction with SATP to yield protected
thioacetate groups on the dendrimer periphery.
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Figure 12: Schematic showing the thioacetate product from step 1 reacted with hydroxylamine
to yield deprotected thiol groups on the dendrimer periphery.

Figure 10C shows the 1H NMR spectrum for the G3 thiol
thiol-terminated
terminated dendrimer product.
The thioacetate terminated dendrimers were reacted with hydroxylamine to remove the acetate
group and leave free thiols (Figure
Figure 12
12). It is important to note that only through the use of NaOH
was a well resolved spectrum obtained. It is thought that the addition of NaOH, and consequently
raising the pH, deprotonates the thiol periphery groups thus preventing agglomeration of the
molecules. The change in structure of the dendrimers is indicated by the absense of the signal at
2.27 ppm (group 9), corresponding to the methyl protons of the acetate group.. The
T signal at 2.99
ppm (group 8) associated with the methylene protons next to the sulfur at
atom
om has shifted from
2.99 to 2.85 ppm due to the conversion of the thioacetate into a free thio
thioll group (group 8’). The
peak at 2.44 ppm (group 7) has shifted to 2.57 ppm and become nearly equivalent to the
methylene protons next to the tertiary amine (group 4).. Again, near complete loss of the signals
at 2.99, 2.27, and 2.44 as well as the increase in signal at 2.57 ppm suggest
suggests a high yield of the
deacetylated dendrimer product..
NMR characterization of each synthesis step has confirmed that primary amines on the
periphery of PAMAM dendrimers can be successfully functionalized with SATP to place
thioacetate groups on the dendrimer and thioacetates can be deacetylated into free thiols with
hydroxylamine.
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B.) Confirmation and Purification of DNA/Dendron Conjugates
Before removal of the thioacetate groups via hydroxylamine, the DNA/dendron conjugate
must be purified from excess dendrons as well as any unreacted DNA. Removal of excess
reactants is imperative as both the dendrons and DNA can cause problems when attempting to
tether the conjugate to gold surfaces. The polyanionic backbone of DNA causes it to naturally
physisorb to gold therefore any unreacted DNA would compete for gold binding sites with the
conjugates. Excess dendrons would also cause problems upon deacetylation as the dendrons
would form covalent bonds with the gold therefore preventing monolayer formation by the
conjugates.
Purification of the DNA/dendron conjugates was accomplished using 4% agarose gels.
Traditionally, separation of small strands of DNA, such as the 25 base strand used in this study,
is performed using polyacrylamide gels. However, we found that it is difficult to remove small
particles of polyacrylamide from the recovered conjugates, therefore causing interference with
monolayer formation. In order to achieve the separation desired, high percentage agarose gels
were chosen as a substitute. Agarose gels are typically used for separation of large strands of
DNA therefore a high percentage gel had to be used in order to attain separation of the conjugate
from excess DNA.
Analysis of the DNA band intensities of polyacrylamide gels stained with EtBr was used
to determine the reaction efficiency of DNA to dendron conjugation. The reaction efficiency was
determined to be 20% by using ImageJ software to compare the relative band intensities.
Polyacrylamide gels were used for this analysis because of their superior separation compared to
agarose gels. Additionally, the use of polyacrylamide gels caused less smearing of the bands,
therefore allowing for accurate measurements of the relative band intensities.
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Successful synthesis of a DNA/dendron conjugate was confirmed by running the crude
DNA/dendron product along with several controls for comparison as shown in Figure 13A. This
image shows a gel using EtBr, a DNA specific stain, to locate any DNA bands in the lanes. The
G4 conjugate crude product (lanes 2 and 3) and G2 conjugate crude product (lanes 6 and 7) were
run along with unmodified DNA (lanes 4 and 5), and unmodified DNA mixed with acetateterminated G3 PAMAM dendrimers (lanes 1 and 8). Acetate-terminated dendrimers G3
PAMAM dendrimers were used in order to prevent an electrostatic complex from forming
between the primary amines of the dendrimer and the polyanionic DNA backbone. Also, the G3
dendrimer is comparable in size to the G4 dendron used for conjugation. The image of the gel
shows that a second DNA band is present in only the lanes containing the crude DNA/dendron
products. In order to confirm that this second band is the conjugate, several controls were run in
the other lanes of the gel. Samples of unmodified DNA were loaded to determine how far DNA
that had no interaction with dendrimers would run. This band is present in every lane, including
the conjugate lanes, indicating that there is some DNA that is not conjugated to dendrons. Also,
this band is found in the same position in the lanes loaded with a mixture of unmodified DNA
and acetate-terminated dendrimers demonstrating that addition of dendrimers to DNA without
conjugation does not affect the migration rate of the DNA. The position of these bands signifies
that the second DNA band is caused by the covalent conjugation of DNA to dendrons. Further
support for the formation of DNA/dendron conjugates is provided by the fact that the upper
DNA band in the G2 conjugate lanes migrates faster than the G4 conjugate upper band. This
difference in band position supports the upper band in these lanes being the conjugate since the
G4 dendron has four times the molecular weight of the G2 dendron and therefore is expected to
migrate at a slower rate.

30

Figure 13: An agarose gel used to confirm the presence of DNA/dendron conjugates (A) stained
with EtBr to visualize DNA (B) same gel as (A) stained with coomassie to visual
dendrimers. Lanes 1 and 8: unmodified ssDNA and acetate
acetate-terminated
terminated G3 dendrimers
mixed without conjugation, Lanes 2 and 3: G4 dendron conjugated to ssDNA, Lanes 4
and 5: unmodified ssDNA, Lanes 6 and 7: G2 dendron conjugated to ssDNA.

To further verify that the upper band present in the product lanes is the conjugate, the
t gel
was stained with coomassie blue G
G-250 protein reagent for 1 hour (Figure 13B).
). Coomassie blue
is usually used to stain proteins by complexing an anionic form of the dye with positively
charged residues such as argininee and lysine26. Because the dendrons have interior tertiary amine
groups, the dye complexes with the dendrons and can be used for visualizing them on the gel. It
can be seen that no dendrons are present in lanes 5 and 6, giving a successful negative control.
Lanes 2 and 9 show that
hat the dendrimers ran in the opposite direction of the unmodified DNA
with little smearing of the band indicating no interaction with the unmodified DNA. The lanes
containing the G4 and G2 conjugates, lanes 22-3 and 6-7
7 respectively, show that while some of
o
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the excess dendrons smear into the lane, the majority of the dendrons do not come out of the well
or run in the opposite direction from DNA and the conjugate. Although smearing is present, a
definite dendron band below the wells can be seen only in the conjugate lanes. The presence of
this band, which corresponds to the slower moving band shown in the EtBr image, indicates that
the DNA and dendrons have been successfully conjugated through covalent bonds. Additionally,
these images show that the DNA/dendron conjugate can be successfully separated from excess
dendrons and unreacted DNA using 4% agarose gels.
C.) Recovery of DNA/Dendron Conjugates
Upon confirmation of successful DNA/dendron conjugation, the conjugates were
excised and purified using the crush and soak method of DNA purification27. The conjugate
bands were crushed into a slurry and soaked in 1x TBE buffer overnight on a rocker to aid in the
diffusion of the conjugates from the gel pieces. The slurry was then centrifuged and the buffer
was decanted from the gel pieces and concentrated using Amicon ultra centrifugal units (10K
MWCO). Typical recovery rates were 15-20% for the G4 conjugates and 24-26% for the G2
conjugates. It is believed that the conjugation of DNA to the positively charged dendrons hinders
the diffusion of the molecule from the gel matrix as recoveries of unmodified DNA were
upwards of 30%. The larger G4 dendrons are more robust and have more positive charges
therefore a lower conjugate recovery is seen compared to the smaller G2 conjugate which
behaves more like free DNA.
After purification, the conjugates were run on a 4% agarose gel as shown in Figure 14
to confirm successful purification. Purified conjugates (lanes 3 and 4) were run along with
unmodified DNA (lanes 1 and 6) and crude product (lanes 2 and 5). The inset of the figure gives
an overexposed image of the conjugate bands in lanes 2-5. Successful purification is indicated by
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the presence of only one band in the conjugate lane that runs with the conjugate bands in the
crude product. Confirmation of successful conjugation of DNA to G4 dendrons as well as
determination of a procedure for purification allows the cconjugates
onjugates to be isolated and used to
study their structure and function for making DNA monolayers.

Figure 14: An agarose gel used to confirm the purification of DNA/dendron conjugates. Inset
shows an overexposed image zoomed in around the bands in lanes 2-5.
5. Lanes 1 and 6:
unmodified ssDNA, Lanes 2 and 5: G4 dendrons conjugated to ssDNA, Lanes 3 and 4:
purified DNA/G4 dendron conjugates.
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D.) Thiol Concentration
Ellman’s reagent (5,5´-dithiobis-(2-nitrobenzoic acid), a disulfide compound that
undergoes a thiol-disulfide exchange reaction with free thiols in solution, was used to measure
the concentration of free thiols from dendrimers in solution. The free thiol breaks the disulfide
bond and forms a new disulfide bond between the free thiol and the sulfur atom in the reagent28.
The liberated thiol (2-nitro-5-thiobenzoic acid) absorbs light in the visible portion of the
electromagnetic spectrum at a maximum wavelength of 412 nm (Figure 15). The concentration
of thiols in solution can be calculated by measuring the absorbance at 412 nm and applying
Beer’s Law: A = c x ε x l where A is the absorbance, c is the concentration in mol L-1 (molarity),
l is the pathlength in cm and ε is the molar extinction coefficient which is 1,415 M-1mm-1for
phosphate buffer pH 7.25.
For this measurement, certain assumptions are made. First, it is assumed that the reaction
with Ellman’s reagent goes to 100% completion. Also, it is assumed that all thiols in solution are
free thiols and each molecule of Ellman’s reagent reacts with one free thiol. Our previous work
has shown that the deacetylation using hydroxylamine is nearly quantitative, therefore the use of
Ellman’s reagent is expected to give accurate results. The concentration of free thiols was
determined for fully functionalized G3 PAMAM dendrimers prior to NMR characterization to
confirm deacetylation using hydroxylamine. Also, the purified G4 DNA/dendron product was
tested to confirm that the deacetylation reaction was still viable after the various processes that
are involved in the synthesis and purification procedure.
The calculation of the concentration of thiols in solution gave a qualitative measurement
for the effectiveness of the synthesis and the deacetylation using hydroxylamine. When Ellman’s
reagent is added to thiols in solution a bright yellow color can be observed as a result of the
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reaction that occurs as described previously. The appearance of the yellow color in the solution
was taken as confirmation
nfirmation of the successful synthesis of a thiol
thiol-terminated
terminated dendrimer product.
Obtaining the same result with purified DNA/dendron product confirmed that the various
processes that are involved in the synthesis and purification of the conjugate did not alter
al the
deacetylation ability of hydroxylamine. Confirmation of this step is vital as it shows that the
conjugate contains thiol groups and will be capable of self
self-assembling
assembling onto gold surfaces.

Figure 15: Thiol
hiol disulfide exchange reaction between a thiol functionalized dendrimer
endrimer periphery
group and Ellman’s reagent. The liberated thiol product absorbs at 412 nm and can be
used to determine the concentration of free thiols in solution.

2. Monolayer Characterization
A.) Grazing Angle Infrared Spectro
Spectroscopy
Figure 16 gives the grazing angle IR spectrum for the single
single-thiol
thiol DNA monolayer. There
are several features of this spectrum that are characteristic of DNA. The bands around 1083 cm-1
and 1231 cm-1 are from
m the symmetric and antisymmetric stretches of the phophate groups in the
DNA backbone29. The band centered around 1472 cm-1 comes from the C-H
H bending of the
pyrimidine bases. The bands in the region from 1600 to 1750 cm-1 are from C=N and C=C
stretching modes as well as carbonyl stretching modes ffrom the DNA bases30. Two additional
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bands can be found in the region between 2850 and 3000 cm-1. These bands come from
methylene stretching modes of mercaptohexanol, which was used to backfill the monolayer.
Brewer et al. performed similar experiments using single-stranded DNA on gold surfaces that
allow the spectra to be compared to determine the successfulness of the monolayer formation31.

Figure 16: Grazing-angle IR spectrum for the single-thiol DNA monolayer.

Figure 17A gives the IR spectrum for the mercaptohexadecanoic (MHDA) monolayer,
the base monolayer in the DNA/dendrimer monolayer. This spectrum gives six significant bands
that were used to characterize the monolayer. The band at 1718 cm-1 is from the C=O stretch of
the carboxylic acid. The bands at 1405 and 1468 cm-1 correspond to the C-O-H bending and the
C-H bending, respectively. The band centered around 1203 cm-1 is due to the C-O stretch. The
bands centered around 2850 and 2918 cm-1 come from the symmetric and antisymmetric C-H
stretching modes in the carbon chain, respectively. Bands in this region are of particular interest
as they give specific information about the quality of the monolayer for alkanethiols. The band
position of the antisymmetric CH2 vibration is particularly useful as it is an indicator of the
extent of lateral interactions between long alkanethiol chains32. Alkanethiol chains that are
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crystalline and highly ordered have values in the 2918-2920 cm-1 range while monolayers that
are more liquid or disordered have values approaching 2925 cm-1. The CH2 antisymmetric band
in Figure 17A was at 2918 cm-1, indicating that the monolayer is highly ordered and of high
quality. Determination of the quality of this monolayer is important because this monolayer
serves as the foundation upon which all other monolayers are built. Having a base monolayer of
high quality allows for the subsequent monolayers to also be of similar quality.
Upon addition of EDC and NHS, new bands can be found in the IR spectrum, as shown
in Figure 17B, which confirms the change in functional groups present on the surface. NHS was
used with EDC to form a semi-stable, amine-reactive NHS-ester to react with the primary amine
groups of the G3 PAMAM dendrimers to form stable amide bonds. The successfulness of this
reaction is confirmed by the presence of two new bands in the spectrum: one at 1748 cm-1 and
one at 1825 cm-1. These bands are characteristic bands that indicate the presence of an NHS ester
on the monolayer. The band at 1748 cm-1 comes from the asymmetric carbonyl stretch of imide
C=O groups while the band at 1825 cm-1 results from the C=O stretch of the activated ester
carbonyl group33. The large carbonyl band at 1718 cm-1 from the carboxylic acid is now shifted
and is convoluted in the band at 1748 cm-1 as the carboxylic acid is now an ester. Conformation
of the reaction with EDC and NHS is vital as this step serves as a transition step when attaching
dendrimers to the carboxylic acid monolayer.
The spectrum of the monolayer after the addition of generation 3 PAMAM dendrimers
can be seen in Figure 17C. The NHS ester is now removed from the monolayer and observed by
the loss of bands at 1748 cm-1 and 1825 cm-1. Another noticeable difference is that two new
bands are found centered at 1560 and 1664 cm-1 that are characteristic of amide I and II stretches
from the amide groups within the PAMAM dendrimers. It is also important to note the addition
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of a new band at 2820 cm-1 that corresponds to the methylene stretches from PAMAM
dendrimers. The band at 2918 cm-1 from the carboxylic acid monolayer is still present, which
shows that the addition of dendrimers has not disturbed the quality of the underlying monolayer.
Also, as the original methylene band is still present, the new band must arise from the addition of
dendrimers to the surface. Chechik and Crooks characterized G4 PAMAM dendrimers using
grazing-angle IR and reported bands at 1665 and 1555 cm-1 for the amide I and II stretches,
respectively10. These values closely match those obtained from our spectrum, thus confirming
the presence of PAMAM dendrimers on the surface.
Figure 17D shows the grazing angle IR spectrum for the next step in the monolayer
preparation: addition of sSMCC to the dendrimer monolayer. sSMCC is a heterobifunctional
crosslinker which is used to conjugate compounds with primary amines to compounds containing
sulfhydryl groups. More specifically for this reaction, sSMCC is used to conjugate DNA strands
functionalized with thiol groups on the 5´ end to the dendrimers that are tethered to the surface.
The main difference that can be seen in this spectrum is the increase of the amide I and II bands
at 1664 and 1560 cm-1 respectively. These bands are caused by the amide bond that is formed
between the NHS ester on sSMCC and the primary amines on the dendrimers’ periphery. A new
band appears in this spectrum at about 1710 cm-1 on the shoulder of the amide I band. The
presence of this band occurs from the C=O stretches from the carbonyl groups of the maleimide
group.
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Figure 17: Grazing-angle IR spectra for each step of the DNA/dendrimer monolayer
preparation: A) Mercaptohexadecanoic acid monolayer, B) Addition of EDC and NHS to
the carboxylic acid monolayer, C) Generation 3 PAMAM monolayer, D) Addition of
sSMCC to dendrimers’ amine terminated periphery groups, E) DNA monolayer.
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The successful addition of sSMCC to the dendrimer monolayer allows the conjugation of
thiol-terminated DNA strands to the monolayer as shown in the IR spectrum in Figure 17E. DNA
has characteristic modes that are found in the region from 1600-1750 cm-1, such as carbonyl and
C=N stretches from the DNA bases therefore, the large peak arises from a combination of the
amide I peak from the underlying dendrimer monolayer and the DNA modes previously
mentioned. Many of the other characteristic DNA peaks are masked by other functional groups
that absorb in the same area. However, the bands centered around 1082 cm-1 and 1238 cm-1 are
the most notable DNA peaks and help to confirm the presence of DNA on the surface. These
bands are indicative of the symmetric and antisymmetric stretching modes of the PO2- groups
from the DNA backbone, respectively. The presence of these bands is unique as no other
molecules from the previous monolayers absorb in this area. Therefore these bands show the
successful addition of DNA to the dendrimer monolayer.
Figure18 gives the grazing angle IR spectrum of the DNA/dendron conjugate monolayer.
This spectrum has features that are characteristic of both DNA and dendrimers. The bands at
1082 cm-1 and 1238 cm-1 are from the symmetric and asymmetric stretching modes of the PO2groups in the DNA backbone. Two bands are found centered around 1550 and 1650 cm-1 which
are characteristic amide I and II stretches from the dendrimers. As with the dendrimer/DNA
monolayer, the amide I band is a combination of amide and carbonyl stretches from the dendron
and DNA, respectively. Therefore the band is much larger than if only DNA or dendrimers were
present on the surface. Other characteristic DNA modes have been masked as a result of
conjugation with the dendrimers. The fact that bands are present in the spectrum that are
characteristic of both dendrimers and DNA helps to confirm that the two molecules were
successfully conjugated in solution prior to surface incubation.
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Figure 18: Grazing-angle IR spectrum of the DNA/dendron conjugate.

Through the use of grazing-angle IR spectroscopy, the successfulness of construction of
the monolayers was confirmed and the quality of the monolayers was accessed on the
macroscopic level. Now that these steps have been taken, additional techniques are needed to
gather information on the function and microscopic properties of the monolayers.
B.) Electrochemistry
Although macroscopic information about the monolayers was achieved through the use
of IR, other techniques must be used in order to determine information on the microscopic level.
Electrochemistry in combination with fluorescence microscopy was used to determine the
heterogeneity of the monolayers by applying a potential across the surfaces and examining the
molecular distribution when the molecules desorbed from the surface. The potential was
negatively scanned until the gold-thiol bonds broke and the molecules desorbed from the surface.
When the fluorescein tagged complement strand is in proximity to the gold surface, the
fluorescence is quenched by the transfer of energy to the gold surface and therefore little signal is
observed16. However, as the gold-thiol bond breaks and the molecules diffuse away from the
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surface, the fluorescein molecule is no longer quenched by the gold and gives an increase in
signal. By collecting fluorescent videos during the potential scan, the increase in signal upon
reductive desorption gives a “map” of the molecular distribution of DNA probes strands across
the surface of the wire.
The data obtained from these experiments had to be analyzed prior to comparing the
surfaces because of problems that were associated with the gold wires that were used. One of
these problems was that the surface of the wire is rounded; therefore, on the edge of the images,
the increase in intensity is larger as a result of seeing multiple layers coming off in the same area.
The differences in intensity can be observed in Figure 19B, which shows a still frame from one
of the single-thiol fluorescent videos. The brightest areas in the image are on the edges of the
wire were multiple layers are coming off in a small area. Another problem can be observed by
looking at an image of the wires taken with room light as shown in Figure 19A. It can be seen
that the wire contains defects across its surface, thus making comparisons of different regions
difficult. For example, large lines can be seen running the length of the wires indicating that the
surface itself is not crystalline or smooth. In order to help combat these problems, Regions of
Interests (ROIs) measuring 5 µm x 5 µm were used to compare the molecular distribution of the
probe strands across the surface. Using a 40x microscope objective, the resolution of the videos
were 512 x 512 pixels corresponding to a 165 x 165 um area on the wire’s surface. Each 5 x 5
um ROI contained 240.5 pixels with each pixels equaling about 330 x 330 nm. Assuming that a
G4 conjugate occupies a 16 nm2 area on the surface, each pixel is an average of ∼6,500
molecules. ROIs of this size were chosen in order to obtain information about the monolayers on
close to a microscopic level. Also, the 25 µm2 size of the ROIs makes them smaller than the spot
size of even the most densely packed DNA arrays, some having as many as 25,000 spots/cm2 that
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correspond to a spot size of 4000 um2.(36) Large numbers of ROIs (< 100) were used from each
video in localized areas in order to ensure that sufficient data was collected for each video
(Figure 19B). These ROIs were measured for the minimum and maximum pixel values for each
frame of the fluorescent videos. This information was used to determine the change in signal as
the monolayer was desorbed from the surface. Average change in signal was calculated for each
line of ROIs and the data was normalized by dividing the change in signal for each ROI by the
average for that line of ROIs. These ratioed values could then be used to compare all regions on
the surface of the wire as well as from multiple videos. A Gaussian distribution was fit to each
data set using a nonlinear least squares fitting routine to provide a quantitative comparison of the
various monolayer types.
Surfaces for electrochemistry were prepared as outlined in the experimental section.
Briefly, gold wires containing the different types of monolayers were submerged in a 2 µM
solution of fluorescein tagged complement strand for at least 30 minutes prior to imaging. The
wires were then used as a working electrode in a homemade electrochemical cell (see Figure 9).
This technique and electrochemical cell setup is modeled after work performed by Murphy et al.
who used this technique to measure the heterogeneity of DNA monolayers made by varying the
incubation order of DNA and mercaptohexanol17.
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Figure 19: A) Optical image of a gold wire used for electrochemistry experiments. B) Still
image taken from a single
single-thiol monolayer fluorescent video showing the size and pattern
of ROIs used. Scale bar represents the differences in intensity.
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Figure 20 shows the normalized molecular distributions of DNA probe strands overlayed
with their respectively Gaussian fits for the single-thiol monolayer, A, DNA/dendrimer
monolayer, B, and the G4 conjugate monolayer, C. The standard deviations for the Gaussian fits
are also given to provide a quantitative measurement of the level of heterogeneity for each
monolayer. Because the intensity from these fluorescent videos comes from fluorescein
molecules attached to the complement strands of DNA, the distribution of intensity is directly
related to the distribution of DNA probe strands on the surface. It can be seen that the singlethiol and conjugate monolayers are roughly equal in their level of heterogeneity while the
DNA/dendrimer monolayer has a much larger distribution.
The distribution of probe strand density is much larger for the DNA/dendrimer
monolayer as shown by Figure 20B. The range of probe strand density is over two times as large
as for the single-thiol and conjugate monolayers, indicating that this method of DNA monolayer
preparation results in a much more heterogeneous monolayer. This large distribution is probably
caused by the way in which this surface is formed; multiple monolayers are formed one on top of
the other using surface chemistry. Self-assembled monolayers form randomly on surfaces;
therefore, the formation of multiple monolayers in stepwise fashion would result in a surface that
is very disordered. The biggest problem with the formation of this monolayer is reaction
efficiency on the surface. As discussed in the experimental section, there are 5 steps in the
construction of this monolayer which leads to a higher likelihood for incomplete monolayer
formation. For example, if each of the 5 steps only goes to 98% completion, then the final
product is a monolayer with only 90% coverage. Also, statistically the defects in the monolayer
will not arise in the same area, therefore a small reaction efficiency problem can have a big effect
on the monolayer as a whole.
45

Figure 20: Graph showing the normalized differ
difference
ence in intensity data for each of the three
monolayers: A) Single thiol monolayer, B) DNA/dendrimer monolayer, C) G4
DNA/dendron conjugate monolayer. A Gaussian distribution was fit to each data set
using a nonlinear least squares fitting routine to prov
provide
ide a quantitative comparison of the
various monolayer types.

Another example of the effect of incomplete reactions occur
occurs when the dendrimers are
exposed to sSMCC. The reaction of dendrimers with sSMCC functionalizes the amineamine
terminated periphery groups with a reactive maleimide group. However, if the addition of
sSMCC does not reach full functionalization, then unreacted amine groups are exposed and can
form complexes with the DNA probe strands. At physiological pH, the amine-terminated
amine
dendrimers are positively
ositively charged thus causing electrostatic complexes to potentially form with
the negatively charged DNA backbone for remaining primary amines. The formation of these
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complexes on the dendrimer monolayer would cause the DNA strands to orient themselves
parallel to the surface, inhibiting the attachment of DNA strands to functionalized dendrimer
periphery groups. This competition between electrostatic complexes and covalent attachment to
the surface results in an unorganized monolayer of DNA probe strands.
It can be seen from Figure 20A that the single thiol monolayer’s distribution of probe
strands very closely matches that of the conjugate monolayer. The similarity of the distributions
may be due to the addition of mercaptohexanol to the DNA monolayer after the probe strands
have been allowed to self assemble on the surface. As mentioned previously, mercaptohexanol
effectively removes any nonspecifically bound DNA strands from the surface therefore allowing
only probe strands that are covalently bound through a gold thiol bond to remain on the surface.
This technique seems to be effective in causing a more ordered DNA monolayer as evident by
the narrow distribution of probe strand density.
The width of the distribution of the probe strand density for the G4 DNA/dendron
conjugates (Figure 20C) is similar to that of the single-thiol DNA monolayer but is much
narrower than the DNA/dendrimer monolayer. Using the single-site attachment feature of the
cystamine core PAMAM dendrimers seems to improve the spacing abilities of PAMAM
dendrimers as evident by the narrower distribution of the conjugate compared to the
DNA/dendrimer monolayer. One of the main reasons for this improvement over the
DNA/dendrimer monolayer is that the conjugates are preparation entirely using solution phase
chemistry. A solution is provided for any impurities or reaction efficiencies problems as only the
purified conjugate product is exposed to the surface. Exposing the surface to only the purified
conjugate allows for single-step monolayer formation and therefore reduces error in the
monolayer fabrication.
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However, the ideal spacing of DNA probe strand has not yet been achieved through the
use of conjugates as the distribution is the same as the single-thiol monolayer and not narrower
as expected. The less than ideal spacing of the DNA probe strands can be caused by a few
reasons. One reason is that the conjugates may not all be attached by the same number of
periphery groups. Ideally, the conjugates would tether to the surface through all of their thiol
periphery groups, therefore providing robust attachment. However, it is possible that the
conjugates vary in the amount of periphery groups that attach to the surface causing overlap of
the molecules which could lead to a disordered monolayer. The multiple thiol periphery groups
available for attachment could also lead to undesired bonding to the surface. The conjugate
molecules could get “trapped” by the many strong gold-thiol bonds in formations where the
DNA strands are oriented parallel to the surface. Also, the polyanionic DNA backbone can
physisorb to gold surfaces, therefore occupying possible attachment sites and causing
nonuniform spacing. Unlike the single-thiol monolayer, no other molecule is used to displace
DNA when these electrostatic interactions occur.
Although the distribution of the conjugate monolayer is broader than expected, it still
closely matches the single-thiol monolayer. The standard deviations derived from the Gaussian
fit are very similar indicating that the conjugate monolayer has the same level of heterogeneity as
the single-thiol monolayer. The ability to use DNA/dendron conjugates to obtain similar
heterogeneity as a monolayer that has been well studied is an important step in finding the
optimum generation of dendron to use. Because the G4 conjugate obtained similar results as the
single-thiol monolayer, larger generations such as the G5 conjugate should be able to improve
upon these results. The use of a larger generation dendrimer for conjugation would allow for
more spacing between probe strands and hopefully result in a more homogeneous monolayer. It
48

is hoped that through the use of this technique, the optimum generation size of conjugate can be
determined and a monolayer can be formed that provides uniform distribution of DNA probe
strands.
3.) Monolayer Functionality
Surface Plasmon Resonance
Figure 21 shows an SPR sensorgram of a hybridization cycle on a single-thiol DNA
monolayer on a gold surface. The sensorgram starts with a stable baseline and then a change in
signal is observed upon injection of the probe strands’ complement DNA that is represented by
the first vertical line. The signal change continues to increase as DNA hybridization occurs on
the surface until the injection ends (second vertical line). At this point, equilibrium has been
reached and a bulk shift occurs. Bulk shifts occur as a result of the refractive index change
relative to the flow through buffer. The change in signal from the original baseline to the
equilibrium reached after hybridization is used to quantitatively determine the amount of target
strand bound for that given injection. In order to regenerate the ssDNA surface, the surface is
exposed to a NaOH solution, shown by the third vertical line, which breaks the hydrogen bonds
that holds the dsDNA together. The NaOH injection is shown on the figure as a large decrease in
signal as the refractive index of NaOH differs greatly from the flow through buffer used. After
the NaOH injection is complete (final vertical line), the signal returns back to the original
baseline and is ready for another complement strand injection. It is important to note that the
baseline is the same before the target strand injection and after exposure to NaOH, indicating that
the ssDNA surface has been regenerated.
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Figure 21: SPR sensorgram showing a complete hybridization cycle. An increase in signal
occurs upon injection of complementary DNA, the signal decreases aand
nd plateau after the
bulk shift and equilibrium is reached. The surface is then regenerated by injection of
NaOH and the signal returns back to the original baseline. The vertical lines on the graph
represent the beginning and end of complement strand and NaOH injections,
respectively.
Figure 22 shows the SPR sensorgrams for the responses of the single
single-thiol
thiol and conjugate
monolayers for four different concentrations of complement DNA: 10 µM, 1 µM, 100 nM, and
10 nM. For the three lower concentrations, both of the monolayers reach equilibrium at roughly
the same time which shows that they have similar kinetics
kinetics. However, for the 10 µM target strand
concentration (Figure 22A), the conjugate monolayer hybridizes at a much faster rate. This
increase in rate was observed
bserved in each of 9 independent measurements and therefore cannot be
attributed to operator or instrument error. At the present time the increase in rate for the highest
target strand concentration cannot be explained.
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Figure 22: SPR sensorgrams of response units as a function of time for four different
concentrations of complement DNA A) 10 µM, B) 1 µM, C) 100 nM, D) 10 nM. The red
and blue curves represent the conjugate and single
single-thiol
thiol monolayers, respectively.

In order to determine the sens
sensitivity
itivity of the monolayers to complementary DNA, the limits
of quantitation were estimated for the two monolayers. The baseline was determined from the 10
nM target strand curves (Figure
Figure 22D) and was used to determine the minimum signal that could
be detected
ed assuming a 3:1 signal
signal-to-noise
noise ratio. A linear response was then assumed for low
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concentrations of target strand and the data was extrapolated to find the minimum detectable
concentration. From these calculations, the limits of quantitation for the single-thiol and
conjugate monolayers are 3.2 nM and 2.4 nM, respectively. These values indicate that the
conjugate monolayer is capable of detecting slightly lower concentrations of DNA which helps
to explain the larger response seen in Figure 22D. The higher sensitivity of the conjugate
monolayer to target DNA demonstrates its advantages over the traditional fabrication technique.
Figure 23 shows the SPR sensorgrams for injections of complementary and
noncomplementary DNA for the single-thiol and conjugate monolayers. As expected, a much
larger amount of complement DNA binds to the surface than noncomplement DNA. While some
noncomplementary DNA does bind to the surface, it is important to note that the concentration of
it is 5 times as much as the complementary DNA. Therefore, for equal concentrations of
complement and noncomplement DNA, the monolayers will always bind a significantly higher
amount for the complement strand. To give some perspective on the different in binding, the
signal from the noncomplement DNA is about the same as for the response for the 10 nM target
DNA. Compared to the amount of complementary DNA of the same concentration that would
bind to the surface, the noncomplementary DNA exhibited only 4% binding to the surface. This
low amount of binding indicates that both of the surfaces are specific to their complement strand
and will bind only to a unique sequence of DNA. Specificity is an important feature of the
monolayers as applications of biosensors often involve exposing the surfaces to several thousand
different sequences of DNA simultaneously and rely on the monolayers to select their unique
complement strand.
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Figure 23: SPR sensorgrams
rgrams showing injections of complementary and noncomplementary
DNA for A) single-thiol
thiol and B) conjugate monolayer
monolayers.
Although the sensorgrams in Figure 22 indicate that the two monolayers reach
equilibrium at equal rates, it can be seen that the conjugate monolayer reach gives a significantly
larger response than the DNA monolayer for each concentration except the 10 µM where it is
only
nly marginally higher. The larger responses indicate that for a given concentration of target
DNA, the conjugate monolayer is able to capture more target strands out of solution than the
single-thiol
thiol monolayer. These differences in target strand capture can be seen by examination of
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Figure 24, which gives the amount of target strand captured for each concentration of the three
DNA monolayers. The error bars on this plot are the pooled standard deviations for 9
independent measurements on 3 different surface preparations. Pooling of the standard
deviations accounts for the error within a given surface as well as the error from day to day
preparation. Therefore, the size of the error bars represents the reproducibility of each monolayer
at a given target strand concentration.

Figure 24: Graph showing the amount of complement strand bound (molecules/cm2) for
different concentrations of the target. Target capture is depicted by filled symbols for
single thiol (diamonds), DNA/dendrimer (squares), and conjugate (triangles) monolayers.
The error bars represent ± 1 standard deviation for at least 9 independent measurements.
measurements
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It is important to note that kinetics data for the DNA/dendrimer could not be determined
using SPR because the refractive index change in the buffer used for the injections was too high,
causing the signal to go off scale. When there is a large change in the refractive index of a
solution (as with NaOH) or the film thickness is great, the instrument cannot measure the
responses because the angular shift is too large for the detector. However, the before and after
signal of the hybridization could be determined because the equilibrium reached for
hybridization was within the limitations of the detector. The DNA/dendrimer monolayer appears
to capture more target strand for the 10 nM injection but quickly reaches saturation and levels off
after the 1 µM injections. As mentioned previously, the DNA/dendrimer monolayer had a lower
probe strand density than the other two monolayers and, according to Peterson8, should capture
more target DNA at all concentrations. Despite having higher probe strand densities, the singlethiol and conjugate monolayers captured more target strands at higher concentrations of
complementary DNA.
Upon comparison of the error bars for each concentration, it can clearly be seen that the
conjugate monolayer has the least amount of error for each target strand concentration while the
single-thiol and DNA/dendrimer monolayers are significantly higher. These data support our
hypothesis and indicate that the conjugate monolayer has the greatest reproducibility from
surface to surface. The single-thiol and DNA/dendrimer monolayers appear to be roughly equal
in that the data show much greater variance in the reproducibility of the two monolayers.
Figure 25 shows a summary plot of the inverse target strand concentration versus the
inverse in surface coverage for each of the three DNA monolayers. Each data point is an average
of at least 6 independent measurements of the four different target strand concentrations for each
surface: 10 µM, 1 µM, 100 nM, and 10 nM. Graphing the data in this way allows the following
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equation (derived from the Langmuir isotherm34) to be used to determine the equilibrium
constants of the forward reaction (formation of hybridized DNA complex on the surface) for the
three different monolayers:
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∆

(1)

where ∆θ is the signal change for a given concentration [A], ∆θmax is the maximum signal
change, and KA is the equilibrium constant for the forward reaction. The data points are fitted
with a linear regression trendline and the equilibrium constants were calculated from the slope
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From equation 1, the equilibrium constants for the single-thiol and conjugate monolayers
were 5.00 x 106 and 3.75 x 106 M-1, respectively. These values are nearly equivalent to each
other and are both significantly lower than the 3.00 x 107 M-1 calculated for the DNA/dendrimer
monolayer. Generally, the larger the equilibrium constant, the higher the affinity the surface has
for its complement strand. However, density also plays a role in the determination of this
constant as probe strands with less lateral interaction will have better binding with their
complement strand and thus a larger equilibrium constant. The differences in density makes
comparison of the DNA/dendrimer monolayer to the other two monolayers difficult as it had a
much lower probe strand density: 7.0 x 1012 molecules/cm2 as compared to 2.7 x 1013 and 1.0 x
1013 molecules/cm2 for the single-thiol and conjugate monolayers, respectively (data not shown).
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Figure 25: Graph displaying density of target strand bound to the surface in cm2/molecule as a
function of inverse concentration (M-1). Target capture is depicted by filled
fille symbols for
single thiol (diamonds), DNA/dendrimer (squares), and conjugate (triangles) monolayers.
The data points were fitted with a linear regression trendline which was used to calculate
the equilibrium constants.

Ideally, a DNA sensor is reusable and robust with no loss in signal as a result of repeated
use. In order to compare the robustness and stability of the monolayers, SPR measurements of 50
hybridization cycles were performed at room temperature using 10 µM complementary DNA for
the single-thiol
hiol and G4 conjugate monolayers. This experiment gave inconclusive results for the
DNA/dendrimer monolayers as the refractive index differ greatly from the flow through buffer
and resulted in the signal going off scale. However, there was expected to be llittle
ittle difference in
the robustness of a dendrimer versus a dendron monolayer so only the single
single-thiol
thiol and conjugate
monolayers were compared. The change in response for each of the 50 cycles was recorded and
was used to determine a percent loss for each mo
monolayer as shown in Figure 26.
26 It can be seen
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that after 50 hybridization cycles, the single
single-thiol
thiol monolayer suffered a larger percent loss in
signal than did the conjugate monolayer. The G4 conjugate monolayer showed better robustness
as it had only a 6% loss in signal, half of the 10% loss suffered by the single
single--thiol monolayer.
This decrease in measured target strand response is interpreted as loss of probe strand from the
surface and therefore shows that over time the conjugate monolayer is more stable.

Figure 26: Graph showing the relative signal for captured target strands from solution over 50
hybridization cycles. Target strands were injected as 10 µM solution at a flow rate of 30
µL/min.
Upon examination of the profiles of the monolayers, a large dip is observed in the
conjugate monolayer from cycles 30 – 35. This experiment was performed over a 2 day period
and the observed dip shows the start of the second day of cycles. This dip is thought
thou
to occur
from a small bubble forming near the surface therefore preventing exposure of the target strand
to the whole surface. However, the signal does increase back to an expected value, indicating
that the dip in signal cannot be from probe strand lo
loss.
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The greater loss in probe strand density for the single-thiol monolayer is most likely
attributed by the single point attachment through which the probe strands are tethered to the
surface. Polydentate binding of the DNA to surfaces has been found to increase the robustness of
each probe strand and consequently, the monolayer as a whole35. Therefore, the multiple
attachment sites provided by the DNA/dendron conjugates decreases the chance for probe strand
desorption from the surface. Less probe strand loss indicates greater stability and reusability of
the conjugate monolayer, making it a better candidate for biosensors.
Experiments on the monolayers using Surface Plasmon Resonance have given insight as
to the kinetics of DNA hybridization as well as the limit of detection for each of the three
monolayers. In addition, information for the surfaces’ robustness and reproducibility was
determined demonstrating the diversity of this technique and its usefulness for characterization
of surface bound molecules.
Summary
This study has described the successful synthesis and purification of DNA/dendron
conjugates for use as DNA monolayers for biosensors. Through the use of 1H NMR,
functionalization of the dendrimers’ primary amine groups to thiol groups has been confirmed.
The successful conjugation of ssDNA to dendrons was confirmed by gel electrophoresis. The
ability of the conjugates to self-assemble onto gold surfaces shows that the functionalization of
dendrimers was still viable after conjugation with ssDNA. Infrared studies confirmed the
formation of each of the three monolayers used for this study and allowed for further
characterization methods to be utilized.
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Surface Plasmon Resonance experiments gave valuable insight to the functionality of the
monolayers. These studies indicated that the single-thiol and conjugate monolayers have roughly
equivalent equilibrium constants showing that they have the same affinity for their complement
strand. Kinetic information can be determined by examination of the sensorgrams for each target
strand concentration. The sensorgrams reveal that the two monolayers reach equilibrium at about
the same rate, expect for the 10 uM trial. In addition, the SPR experiments demonstrated the
superiority of the DNA/dendron conjugates in several different measurements: binding ability,
limit of quantitation, chemical and thermal robustness, and reproducibility. Binding ability of the
conjugates is shown by the ability of the monolayer to bind more complement strand DNA for a
given concentration than the other monolayers. The limit of quantitation was determined to be
2.4 nM from the sensorgrams, 25% lower than that for the single-thiol monolayer. Hybridization
cycles were used to determine that the conjugate monolayer only had half as much probe strand
loss when compared to the single-thiol monolayer. Reproducibility was determined by the error
associated with the amount of target strand bound SPR measurements.
Data from the electrochemistry experiments revealed that the conjugate and single-thiol
monolayers had similar distributions of probe strand density with both monolayers
outperforming the DNA/dendrimer surface. The similarity in probe strand distribution indicates
that the surfaces are similar as far as heterogeneity is concerned. The fact that the conjugate
monolayer has a similar probe strand distribution as the single-thiol monolayer and outperforms
it in the various functionality experiments demonstrates the superiority of the DNA/dendron
conjugates for use in the fabrication of DNA monolayers for use in biosensor applications.
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Future Work
Future work for this project will include further analysis of the SPR data to obtain more
information on the kinetics of DNA hybridization for the monolayers. The main focus of the SPR
experiments will study various kinetic models to fit the data to understand a mechanism
associated with the binding kinetics. In addition, other characterization techniques such as X-ray
photoelectron spectroscopy (XPS) and angular resolved XPS will be used to obtain information
concerning orientation from the monolayers. XPS is particularly useful for the conjugate
monolayer as the empirical formula for the conjugate can be determined through an elemental
analysis study. Angular resolved XPS could be used to determine the orientation of the probe
strands on a surface and could give insight as to the hybridization capabilities of the monolayers.
However, for this technique, the DNA would have to be hybridized prior to analysis as ssDNA is
not rigid.
In addition, further work will need to be completed in order to expand upon the
understanding of DNA/dendron conjugates and their capabilities. In order to accomplish this,
different generations of dendrimers will need to be compared to determine the optimum spacing
of DNA probe strands on a surface. The conjugate used for this study was synthesized using
generation 4 dendrimers, therefore generations 2 through 6 should be analyzed to provide a range
of conjugates for these studies.
The next step in developing conjugate monolayers and applying them to real world
applications is for multiplexing on a surface. With multiplexing, several unique probe strands are
spotted onto a surface to make an array. The size of these spots is much smaller than the size of
the surfaces analyzed in this study, therefore the level of heterogeneity is much more important.
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These arrays could consist of different conjugate generation sizes as well as single-thiol probe
strands in order to compare various methods at once. Experiments could include using
electrochemistry to analyze the probe strand distribution for an individual spot of DNA in the
arrays. Also, fluorescence experiments could be conducted on the arrays to determine the amount
of target strand captured for a given spot.
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Appendix
A1: DNA hybridization with Grazing angle Infrared Spectroscopy

Figure A1: Grazing angle Infrared spectrum showing a complete hybridization cycle of a singlesingle
thiol DNA monolayer a) single
single-stranded single-thiol
thiol monolayer, b) same monolayer after
hybridization for 1 hour, c) monolayer after exposure to NaOH for 30 minutes.

Figuree A1 shows the Grazing angle Infrared spectra of a hybridization cycle performed
using a single-thiol
thiol monolayer. Hybridization was performed by incubation of the surface with a
2 µM solution of complementary DNA for 1 hour. Upon examination of the single-thiol
single
monolayer, Figure A1 a, and the hybridized monolayer, Figure A1 b, it can be seen that there is
no discernable difference between the two spectra. To regenerate the ssDNA surface, a 50 mM
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solution of NaOH was added to the surface and allowed to incubate for 30 minutes. The
dehybridized surface, Figure A1 c, also shows no difference from either of the other two spectra.
Previous studies30 reported an increase in the mode centered around 1082 cm-1 and in the region
from 1600 to 1750 cm-1 upon hybridization. Subsequently, a decrease in these same modes after
regeneration of the ssDNA surface was also expected. Analysis of this source lead us to believe
that differences in single-stranded and double-stranded DNA could be observed on the surface.
However, this technique limited our ability to monitor hybridization cycles.
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A2: Formation of monolayers using Surface Plasmon Resonance

Figure A2: SPR sensorgram showing the monolayer formation of the generation 4
DNA/dendron conjugate.
The SPR sensorgram for the formation of the conjugate monolayer is given in Figure A2.
The monolayer was formed on-line
line rather than in an overnight incubation to obtain information
about the probe strand density on the surface. Formation of a stable baseline after the injection
indicates that a quality monolayer has formed and no molecules have desorbed from the surface.
Upon formation of the conjugate monolayer, the surface was treated with a 50 mM solution of
NaOH to remove any nonspecifically bound conjugates (d
(data not shown).
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Figure A3: SPR sensorgram showing the monolayer formation of the single-thiol monolayer.
Figure A3 shows the SPR sensorgram for the formation of the single-thiol DNA
monolayer. For the SPR data obtained in this study, the single-thiol monolayers were fabricated
by incubating the surfaces in a solution of thiol DNA overnight and then incubated with
mercaptohexanol for 1 hour. However, as mentioned previously, the conjugate monolayer was
prepared using an on-line injection to obtain information about the probe strand density.
Therefore, an on-line injection of the single-thiol monolayer was performed to determine if the
preparation methods were comparable or if there was a difference in the quality of the monolayer
made. Similar to the conjugate monolayer, NaOH was exposed to the surface to remove
nonspecifically bound DNA. The resulting baseline after the NaOH injection was stable,
indicating that molecules were not desorbing from the surface.
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In order to achieve fair comparison of the on
on-line
line injection versus an overnight
incubation, mercaptohexanol was added to the single thiol surface as shown in Figure A4. It can
be seen that the profile of the injection quickly reaches a maximum and then slopes downwards
for the rest of the injection. As discussed previously, mercaptohexanol is used to displace any
nonspecifically bound DNA from the surface as well as backfill the monolayer. Therefore, the
profile of this curve is a result of mercaptohexanol adding to the surface while simultaneously
removing
moving some DNA. The DNA strands are larger molecules than the mercaptohexanol causing
the overall profile to slope downwards.
After formation of the monolayer, kinetic experiments were performed to determine if the
preparation methods were comparable. T
The
he surface was exposed to injections of 10 nM, 100 nM,
1 µM, and 10 µM complementary DNA as well as a solution of 5 µM noncomplementary DNA.
The resulting data confirmed that the two preparations were analogous and could be used to
compare the single-thiol monolayer to the conjugate monolayer.

Figure A4: SPR sensorgram showing the addition of mercaptohexanol to the single-thiol
single
DNA
monolayer.
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A3: Analysis of electrochemistry data
As discussed previously, the probe strand distributions obtained from the fluorescent
videos were fit with a Gaussian distribution through a non-linear least squares fitting scheme for
data analysis. The equation for the Gaussian distribution was as follows:

  



 

Where x is the mean for the data set, a is a given data point, and σ is the standard deviation for
the data set. Since Gaussian distributions are random-noise distributions, an assumption was
made that any heterogeneity in the surface is random. In addition, the data was normalized so
that the mean was a value of 1 prior to any fitting. Using this assumption and the normalized
data, the standard deviations derived from the Gaussian distributions could be used as an
analytical tool to determine the probe strand distribution for a given surface.
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A4: Conjugate Purification Protocol
1.) Excise product band from agarose gel using a scalpel
2.) Crush band into small pieces in a centrifuge tube using a glass stirring rod
3.) Add three to four volumes of buffer
It is important to note that the type of buffer used determines the amount of conjugate recovered
from the gel. Our gels was made with 1x TBE and use of 1x TBE buffer gave a more efficient
recovery of conjugate than using 0.1 M phosphate buffer.
4.) Place tube on rocker overnight (approximately 16 hours)
5.) Centrifuge gel and buffer slurry for 5 minutes
6.) Decant solution
7.) Add two more volumes of buffer
8.) Repeat steps 5 and 6
9.) Concentrate purified conjugate using Amicon ultra centrifugal filters (10K MWCO)
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A5: Modified Conjugate Purification Protocol
This protocol was used to obtain purified product in less than an hour as opposed to an overnight
incubation. However, this technique produces a lower recovery of purified conjugate.
1.) Excise product band from agarose gel using a scalpel
2.) Crush band into small pieces in a centrifuge tube using a glass stirring rod
3.) Add 500 µl of elution buffer
4.) Place tube containing gel and buffer slurry in a 90o C water bath for 5 minutes (uncap tubes to
prevent pressure buildup)
5.) Vortex solution and immediately place in liquid nitrogen
6.) A white solid/gel will form in the tube, crush this solid using a glass stirring rod
7.) Centrifuge gel and buffer slurry for 5 minutes
8.) Decant solution
9.) Repeat steps 3-8
10.) Concentrate purified conjugate using Amicon ultra centrifugal filters (10K MWCO)
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